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Rust resistant and susceptible cultivars of Helianthus
annuus were exposed for short periods to 230ppb
ozone, a concentration often measured in central
Europe and elsewhere during summer months.
Chlorophyll fluorescence induction was used to meas-
ure a number of photosynthetic parameters. The stress
caused was detectible within minutes following expo-
sure to ozone. Measurements of φmax and φss showed
that only the susceptible cultivar was stressed.
However, following Fs and Fm’ fluorescence over long
periods, it was clear that both cultivars were stressed
by ozone. Subsequent to the fumigation with ozone, the
resistant cultivar restored to levels prior to exposure to
ozone, indicating repair to the damage caused. Both
cultivars showed repair during the dark, while the dam-
age caused to the susceptible cultivar appeared to be
permanent. Both the utilisation of excitons as well as
the number of closed versus open reaction centres
were influenced by the ozone. Resistance to a stressor
(in this case to rust) was beneficial to the plants, indi-
cating a common response to stress and also adapta-
tion to stressors.
Ozone is considered to be the most important air pollutant in
the lowest strata of the troposphere over central Europe and
North America (Heagle 1989). This photo-oxidant is not
emitted as such, but its concentrations are correlated with
the industrialisation of these areas and automobile traffic. It
is not uncommon for O3 concentrations to reach 400ppb and
more during summer months for short periods, which caus-
es necrotic lesions of leaf surfaces of susceptible plants. It is
suggested that crop losses of 30% and more are due to the
damage caused (Heagle 1989, Heck 1989) which also
stresses the economic implications of this air pollutant.
Ozone can depress the photosynthetic activity of plants
(Lefohn 1991) due to decreased stomatal conductance (Hill
and Littlefield 1969) and/or by reducing the capacity of mes-
ophyll cells to fix CO2 (Lehnherr et al. 1988). Nie et al. (1993)
found in Triticum aestivum that ozone-induced changes in
chlorophyll and its protein contents, and that photosynthetic
activities of leaf tissue are similar to those changes associ-
ated with leaf senescence. After having exposed two Vicia
faba cultivars once for 3h to 150ppb O3, Guidi et al. (1993)
observed a depression in stomatal conductance, transpira-
tion rates and photosynthesis measured as CO2 absorption.
They also showed how ozone stress influenced the fluores-
cence induction curves and concluded that that chlorophyll
fluorescence is a simple and informative tool for the investi-
gation of latent phytotoxic effects of ozone. Recently Leipner
et al. (2001), using chlorophyll fluorescence imaging, found
in Phaseolus that the cells adjacent to the stomata in the
upper, but not lower, leaf surfaces were impaired by ozone.
Schraudner et al. (1997) suggested that the responses of
plants to ozone stress are: induction of PR proteins, accu-
mulation of phenolic compounds, increase in antioxidants
and the emission of volatile compounds.
Stress in plants can be caused by many factors, i.e. water,
heat, salt, cold, light, UV and plant pathogens (Lichtenthaler
1998). The tension caused by stress leads to a cascade of
stress reactions and eventually a reduction in development
and growth. Variability of resistance to stress is well docu-
mented, also against pathogenic attacks. There have also
been suggestions that priming is important in that it could
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Abbreviations: CSTR = continuously stirred tank reactor, ETR = electron transport rate, F0 = minimal fluorescence of a dark-
adapted sample, Fm = maximal fluorescence of a dark-adapted sample, Fs = minimum steady state fluorescence, Fm' = max-
imum steady state fluorescence, φmax = maximum yield of primary photochemistry, φss = steady state quantum yield, pQ = pho-
tochemical quenching, RC = reaction centre
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lead to plants that are tolerant to one stress becoming cross-
tolerant to others (Bowler and Fluhr 2000, Conrath et al.
2002). Here we investigated whether resistance to sunflower
rust in sunflower plants might be correlated with ozone tol-
erance in so far as also to be beneficial against ozone
stress, even though the initial stressor is different.
Material and Methods
The test plants were Helianthus annuus L. cultivar S37-388
that is susceptible to the sunflower rust Puccinia helianthi
(sunflower rust) and cultivar PhRR3, which is resistant
(Kong et al. 1999). The plants were cultivated indoors in pot-
ting soil under artificial light (Osram HQI-R 250W/NDL).
Following germination the seedlings were replanted in indi-
vidual pots and grown to about 400mm tall before transfer-
ring them to a specially designed 1 640 litre growth vessel
(continuously stirred tank reactor/CSTR) as described by
Rockel (1993). The air entering the CSTR was purified and
had a flow rate of 100 litres min-1. Six Osram HQI-R
250W/NDL lamps provided a photon flux density of about
380μmol Photons m-2s-1 at the surface of the plants, con-
trolled to give a day:night ratio of 14h light:10h dark.
Temperature in the CSTR varied during the day/night cycle
between 28°C and 23°C, and the relative humidity between
90% and 80%, respectively.
Ozone was generated using a mercury vapour lamp (Pen
Ray, 189nm) and measured by UV absorption at the inflow
and outflow of the CSTR. The concentrations given for O3
were measured at the outflow from the CSTR. These could
be varied by either increasing the voltage of the power sup-
ply to the mercury vapour lamp or by exposing a greater or
smaller section of the lamp to the air flowing through the O3
generator. Continuous measurements of temperature, O3,
airflow, air humidity and light intensity were data-logged,
from which the averages were calculated.
Chlorophyll fluorescence was measured using a FMS-2
fluorometer from Hansatech, UK and an OS500 from Opti-
Science, USA. Chlorophyll fluorescent transients were
measured (Schreiber and Bilger 1987, Maxwell and Johnson
2000) on dark-adapted samples, where dark adaptation
meant using the clips provided and always allowing a 10min
dark adaptation. We are aware that it would take much
longer for all the RC’s to be fully re-oxidised, but it was
assumed that most RC’s would be ‘open’ and care was
taken to keep the time constant for all measurements.
Measurements were made on young leaves (2–3 days old)
and the results were from about 1cm2 surface areas of the
topside of the leaves. The average of 3–5 measurements
was used in all cases. The fluorescence measurement pro-
tocol consisted of measuring F0, whereafter a single saturat-
ing light flash (0.7s) was applied and Fm measured. After 20s
the actinic light source of the fluorometer was turned on
(350μmol Photons m-2s-1), followed by a series of saturating
flashes, where Fs as well as Fm' were measured. From these
measurements the maximum yield of primary photochem-
istry (φmax, dark adapted) and the actual yield of primary pho-
tochemistry (φss, light adapted), using the following equa-
tions were calculated:
Using the light source of the CSTR (380μmol Photons
m-2s-1) and the PAR/Temperature clip from Hansatech (UK),
steady state fluorescence was determined by measuring Fs
and Fm' directly and over long periods of time, without using
the actinic light source of the fluorometer. These measure-
ments were done continuously during the light period by
applying saturating flashes every 30s and electron transport
rates (ETR) were calculated as:
where, I = light intensity in the CSTR, and 0.43 is a factor to
correct for photosynthetic active radiation (PAR) and C-
uptake (Genty et al. 1989).
Results
Three plants of each of the two cultivars were allowed to
acclimate in the CSTR for two days prior to exposing them
for 2h to 230ppb O3 on the third day during the morning.
Dark-adapted fluorescence was measured during the light
period and also the following day in the morning (Figure 1).
The results clearly showed that φmax for both the susceptible
and resistant plants was unaffected by ozone fumigation.
The average of φmax for all the measurements of the suscep-
tible plants was 0.907 and for the resistant plants it was
0.905. However, φss as measured with the actinic light
source of the fluorometer and a series of saturating light
flashes clearly showed a decrease (16%) following exposure
to ozone in the susceptible cultivar. The impact of the ozone
was already seen in the first measurement taken after 30min
and declined for the duration of the exposure. Thereafter, φss
remained repressed with a slight recovery after about 3h fol-
lowing fumigation. However, the damage is evident where
the lowest values were recorded the next day. Thus no
recovery or repair from the damage incurred due to the
stress caused by the exposure to ozone was evident in the
susceptible plants.
In the resistant cultivar, the φss values showed an initial
decrease after 30min exposure to 230ppb O3, but recovered
to the initial yields even during the remaining fumigation
period. Following the exposure to ozone the φss yields
remained relatively constant at a level similar to that prior to
the fumigation. Also after 24h no influence on the steady
state quantum yields could be seen. These results clearly
indicate that the steady state quantum yield of the PhRR3
plant was less affected by ozone as compared to the sus-
ceptible plant S37-388.
Using the ambient light in the CSTR as actinic light
source, the extended traces for Fs and Fm' are shown in
Figure 2. The minimal steady state fluorescence of the sus-
ceptible plants increased steadily, also the following day
(data of next day not shown). In the resistant plant it
increased until it reached a constant value after about 2.5h
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following the O3 exposure. The next day (data not shown)
the values steady decreased almost to the initial levels. Fm'
also showed major differences between the susceptible and
resistant plants. Following a slight delay Fm’ increased in the
susceptible plant, where it remained at a higher level for the
duration of the experiment (also the day following the expo-
sure). The resistant plant showed an almost immediate
response to O3 with significant increases in Fm', continuing
for about 2.5h after turning off the O3 generator. This was fol-
lowed by a steep decline which lasted about an hour, where-
after the Fm' yields steadily decreased right to the end of the
measurements.
Under ozone stress the resistant plants generally dis-
played higher ETR’s than the susceptible plant (Figure 3).
The overall responses during fumigation and for the first
hours following fumigation with O3 were similar between the
cultivars. A marked difference is, however, clearly seen after
about 5h where the rate of decrease became constant in the
resistant plant. Some repair took place in the dark (between
hours 8 and 24), since the ETR values were higher the next
morning. After 24h the susceptible plant showed a steady
decline in the ETR’s, while the decline was much reduced
for the resistant plants. The repair during the dark period
was also more significant for the resistant plant than for the
susceptible one.
Discussion
Oltmans et al. (1998) found that tropospheric ozone con-
centration increased rapidly at the mid-latitudes of Europe in
the mid 1980s and that since then has increased less rapid-
ly. In the eastern United States little changes occurred dur-
ing the last two decades, but in Japan the increase has been
the largest. The presence of this phytotoxic gas is clearly
documented and the short- and long-term threshold concen-
trations of 40ppb (AOT40) (Holopainen 1996) are regularly
exceeded with important consequences for crop yields and
natural vegetation.
The adverse effects of ozone, as with other stresses,
depend on the dose (i.e. concentration) and exposure time.
As yet no dose-based standard has been internationally
agreed upon and under discussion are either peak values
based on the average taken over 1h or lower values based
on the average taken over 8h (Samuelson and Kelly 2001).
It should be noted that ozone concentrations higher than
230ppb, which were used in these experiments, are regular-
ly measured in certain areas of Europe and North America
on sunny days. Also the duration of O3 fumigation of 2h in
our experiments, was relatively short compared to what
could be measured in these industrial countries under natu-
ral open-air conditions.
The results presented showed that the two Helianthus
annuus cultivars were affected by exposure to ozone. In
order to affect the plants the ozone must pass through the
stomata, dissolve in the aqueous layer lining the cells, dif-
fuse the cellular membrane, and so influence cellular com-
ponents and metabolic processes. Our results indicated that
the plants were affected fairly quickly by the ozone (Figures
2 and 3). In the susceptible plant (Figure 2), Fm' responded
after only 30min exposure, while an almost immediate
response was seen for the resistant cultivar. That ozone
affects plants negatively has been known for several
decades (Hill and Littlefield 1969), but that the photochem-
istry would respond within minutes has been shown by our
results, indicating the rapid uptake and transport into the
cells, where reduced compounds could be oxidised.
The kinetics of light adapted minimal (Fs) and maximal flu-
orescence (Fm') traces (Figure 2) revealed major photosyn-
thetic differences between the responses of the susceptible
and the resistant cultivars. The increase in Fs following O3
fumigation probably indicates a decrease in the rate con-
stant for the utilisation of excitons for photochemistry, i.e. the
efficiency of conversion of excitation energy to electron
transport beyond QA (Lazár 1999), meaning that more and
more reaction centres are becoming inactive. This increase
continued, also the next day, for the susceptible plant, indi-
cating that the damage caused by the 2h exposure to O3
was permanent. In the resistant plant a similar increase was
seen in Fs following exposure to ozone, but after a few hours
it levelled off and started decreasing. The following day
(results not shown) it continued to decrease, indicating that
repair was taking place to the damage caused by the ozone.
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Figure 1: Maximum (φmax, dark adapted) and steady state (φss, light
adapted) quantum yields of rust susceptible and resistant
Helianthus annuus plants, exposed to 2h of 230ppb ozone. The
time 0h indicates the start of the experiment
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The fluorescence maximum in the light (Fm') also supports
the above notion that the reaction centres become damaged
in the susceptible cultivar, but that repair to this damage is
possible in the resistant cultivar. In the susceptible cultivar
the maximal light adapted fluorescence increased following
exposure to ozone, reached a certain maximal level after
about 45min and then remained high even during the fol-
lowing day. The damage caused by the ozone in the sus-
ceptible plant appears to be permanent. On the other hand,
the fluorescence maximum of the resistant cultivar
increased much more than that of the susceptible cultivar,
indicating a greater response to the zone stress. After about
2h 30min following exposure to O3, Fm' rapidly decreased
even to levels below those measured at the beginning, i.e.
prior to gassing with O3. This occurred at the same time that
Fs levelled off (Figure 2).
Photochemical quenching (pQ) is often calculated from
steady state fluorescent measurements (Maxwell and
Johnson 2000), where this gives an indication of the portion
of PSII reaction centres that are open. Shown in Figure 4 are
the pQ values for both the resistant and the susceptible cul-
tivars. At the onset (before fumigation) the values were sim-
ilar indicating that almost 99% of the reaction centres were
open, which confirms that the dark adaptation period of
10min was adequate. The results, therefore, suggest that
the reaction centres became almost immediately closed
upon exposure to ozone and decreased for both cultivars
byabout 6% during the gassing with ozone. Following the
gassing the pQ continued to decrease, but after about 2h
30min the rate of decrease became less for the resistant cul-
tivar. The pQ increased in the dark for both cultivars, but in
the light the rate of decrease for the susceptible cultivar was
unchanged, indicating permanent damage to the reaction
centres in the light. For the resistant cultivar it increased
slightly but was still lower than at the onset of the experi-
ment. Using quenching analyses following the saturation
pulse method (Schreiber et al. 1986), Guidi et al. (1993)
observed a strong increase in non-photochemical quenching
in non-resistant bean plants, with hardly any influence on
photochemical quenching. Our results clearly showed for
both the rust resistant and susceptible cultivars a marked
reduction in photochemical quenching following exposure to
ozone. They (Guidi et al. 1993) also found that non-photo-
chemical quenching did not change much in resistant bean
plants when exposed to ozone, but that photochemical
quenching increased significantly (i.e. portion of reaction
centres that are closed increased). For both the sunflower
cultivars used in our experiments ozone had a marked influ-
ence on the photochemical quenching.
An increase in Fm' implies that the re-oxidation of the pri-
mary electron acceptor (QA) is affected and this implies that
the photochemistry is impaired. The results indicates that
this was less prominent in the susceptible compared to the
resistant cultivar (Figure 3), but that the resistant cultivar had
the ability to repair the impairment of the electron transfer
from the primary electron acceptor. Comparing φmax and φss
(Figure 1), it is clear that the dark-adapted maximum yields
were unaffected by exposure to ozone. The rust susceptible
(S37-388) cultivar showed a clear depression of the light
adapted actual yield of photochemistry, but this was not evi-
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Figure 2: Maximal (Fm') and minimal (Fs) steady state traces during the light period of rust susceptible and resistant Helianthus annuus plants,
exposed to 2h of 230ppb ozone
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dent for the resistant cultivar. These results are contrary to
those of Reiling and Davison (1994) who found that ozone
exposure of Plantago major caused maximum fluorescence
(Fm) to decrease, but that it had no effect on the minimal flu-
orescence of a dark-adapted sample (F0). They found a sig-
nificant decrease in the quantum efficiency of primary pho-
tochemistry (Fv/Fm) of exposed plants during the first four
weeks of growth, where variable fluorescence is the differ-
ence between maximum and minimal fluorescence (Fm–F0).
This is surprising because should the plants be affected by
ozone then an increase in Fm would indicate stress and not
vice versa.
A body of literature is available indicating that crops are
affected by ozone and the consensus of Chappelka and
Samuelson (1998) is that ozone stress can reduce C-fixa-
tion, alter the rates of leaf and root respiration, shift the par-
titioning of C into different chemical forms, and disrupt C and
nutrient allocation patterns (see also Schraudner et al.
1997). Our data could support this, since the fast negative
response as caused by exposure to ozone primarily indi-
cates inhibition of primary photochemistry, which secondari-
ly could lead to disruption of metabolism in general. The
major differences seen between the rust susceptible and the
resistant cultivars indicate that resistance to stress (in this
case to rust), served as a primer because of its infection-
induced defence responses (Conrath et al. 2002). This ben-
efited the plants, where the resistant cultivar was less affect-
ed by exposure to ozone and that following exposure to a
stressor such as ozone, it can repair the damage to a certain
level. The data were collected over 27h and, therefore, long-
term exposures and the consequences thereof need to be
elucidated. This applies also to different concentrations of
ozone.
Our results support the notion that priming results in stress
responses that appear to affect the whole plant. Also, resist-
ance to one stressor results in cross-tolerance to others as
also suggested by Bowler and Fluhr (2000).
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